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Imaging point defects in a liquid environment: A model AFM study
Kenichiro Koga* and X. C. Zeng
Chemistry Department and Center for Materials Research and Analysis, University of Nebraska-Lincoln, Lincoln, Nebraska 68588
~Received 23 March 1999!
Effects of the liquid on atomic force microscopy ~AFM! imaging are examined for a model system consist-
ing of a hexagonal flake of seven Lennard-Jones ~LJ! atoms as a multiatom tip, a monolayer of LJ crystal
containing a single point defect as a substrate, and three-site model water as the liquid. A previous simulation
@Koutsos et al., Europhys. Lett. 26, 103 ~1994!# has shown that the true atomic resolution of a point defect
cannot be achieved in vacuum by use of the multiatom tip. Here we examine the feasibility of such atomic
resolution when both the tip and substrate are immersed in a liquid. The liquid-induced interaction between the
tip and the substrate is evaluated in the framework of the integral equation theory of molecular fluids extended
for the system consisting of an infinitely large crystal. It is found that the potential of mean force indeed
manifests the point defect even when the tip and the substrate are a few Angstroms apart. This implies that in
the liquid environment the point defect could be discerned in the constant-height mode of AFM measurement.
For the constant-load mode of AFM, a characteristic potential can be used to determine the stable, metastable,
and unstable vertical position ~height! of the tip at any lateral position. The contour surface of the stable heights
reveals periodic features of the underlying lattice of the substrate except in the vicinity of the defect, provided
certain load is applied. @S0163-1829~99!10543-5#
I. INTRODUCTION
Atomic force microscopy ~AFM! aims to ‘‘see’’ atomic
details of surfaces by detecting the force acting on the AFM
tip.1 In vacuum the force acting on the AFM tip is essentially
due to the intermolecular interactions between atoms of the
tip and those of the surface. Therefore, the force curve—the
force in the direction vertical to the surface versus the tip-
surface distance—reflects essentially the same feature as that
of the intermolecular force, that is, a short-range strong re-
pulsion and a long-range weak attraction.
When both the tip and surface are immersed in a liquid,
the liquid-mediated force arises in addition to the direct tip-
surface interaction.2–4 Thus, the potential of mean force of
the tip surface is expressed as
W~R!5U~R!1dA~R!, ~1!
where U is the potential due to the direct interaction between
the tip and surface; dA is the liquid-mediated potential. Both
potentials are a function of the position vector R of the tip.
~Let the unit vector ez denote the direction vertical to the
surface, and ex and ey the directions parallel to the surface.!
The liquid-mediated potential dA , when plotted against Rz ,
has an oscillatory character due to the layering structure of
liquid near the surface.
In the constant-height scanning mode of AFM, the force
F (52„W) acting on the tip is measured and recorded to
construct the image of the surface. In the constant-load
mode, on the other hand, the position R of the tip is mea-
sured in general; in an ideal situation where one can pre-
cisely control the lateral position (Rx , Ry) of the tip, ‘‘the
height of the tip’’ Rz is measured under a constant load Fz
ext
.
In the latter case, one can define a function based on the
potential of mean force,
C5W2Fz
extRz , ~2!
which serves as a new potential analog to the thermodynamic
potential. As a result, the equilibrium height of the tip Rz
eq
can be determined by the condition
dC50, ~3!
where the variation is taken under the condition of fixed Rx ,
Ry , Fz
ext
, and temperature T. Equation ~3! is equivalent to
the force balance equation Fz1Fz
ext50, where Fz is the z
component of F. In general, the potential C may have more
than one local minimum and maximum depending on the
load as illustrated in Fig. 1. This contrasts with the charac-
teristic potential in vacuum, which generally has only one
minimum and no maximum irrespective of the magnitude of
the load.
In the previous paper5 we showed that the oscillatory be-
havior of C can result in discontinuous scanning trajectories
for a single-atom tip, even if the surface is defect free. AFM
experiments in the liquid environment have also shown that
the force acting on the tip can be oscillatory when the tip
approaches the surface vertically, reflecting the layering
structure of liquid molecules near the surface.6–8
In this paper we extend our previous theoretical study to
examine effects of the liquid on the AFM image of a surface
containing a point defect or specifically a vacancy. Unlike
the previous study, here a multiatom tip is considered. Such
a multiatom tip and surface system have been studied from a
computer simulation, but in a vacuum environment.9 That
study shows that the multiatom tip cannot detect a vacancy.
In other words, true atomic resolution cannot be achieved
with the multiatom tip in the vacuum environment. When the
tip scans the surface containing a vacancy, the AFM image is
deceptive because it only reveals the structure of the multia-
tom tip but not the vacancy. The difficulty in achieving true
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atomic resolution of this kind of defect in the vacuum envi-
ronment can be understood from the fact that the total force
acting on the tip is approximately sum of the short-ranged
pairwise repulsive interactions between atoms of the tip and
those of the surface. On the other hand, in a liquid environ-
ment the liquid-mediated interaction between the tip and sur-
face is long-ranged, oscillatory, and nonpairwise additive.
Thus when the dA term in Eq. ~1! is comparable to the U
term or dominant, the AFM image should be qualitatively
different from that in vacuum; however, it is still unclear
whether a liquid environment is helpful or not to achieve true
atomic resolution. The purpose of this work is to shed some
light on this issue via a simple AFM model study.
The liquid-induced ~also called solvent-induced! interac-
tion is calculated from the supermolecule approach10,11 based
on the reference interaction site model ~RISM! integral equa-
tion theory.12 This approach was originally developed for
homogeneous systems. Recently this approach was extended
by us to treat inhomogeneous systems13,5 using the polymer
RISM equation.14 This extension enables us to calculate the
solvent-mediated interactions for various systems, such as
those between two solute molecules near a structured wall,
between a solute molecule and the wall, and between two
structured walls. It turns out that for our purpose this ap-
proach is more effective than the computer simulation.
In this study, the models of the AFM tip and the surface
are treated to be rigid so that neither vibrational motions nor
deformation will be considered. We note that there are sev-
eral studies involving more realistic models of the AFM tip
and surface in vacuum.15 Here we adopt the simple rigid
model for tip and surface mainly because the focus is to
show effects of the liquid ~i.e., solvent! on the AFM images.
In the following section we illustrate the model system
and overview the methodology for the calculation of the
solvent-induced contribution to the total potential. In Sec. III
we present results of numerical calculation and possible im-
plication of these results on the AFM measurements. Con-
cluding remarks are given in Sec. IV.
II. MODELS AND METHOD
A. Models of AFM tip, substrate, and solvent
We consider the system consisting of an AFM tip, a sub-
strate, and a pure solvent: the tip is taken to be a rigid hex-
agonal flake consisting of Nt(57) atoms possessing a
hexagonal-close-packed ~hcp! lattice structure; the substrate
is a rigid monolayer of Ns atoms also having the hcp lattice
structure ~with the same lattice constant as that of the tip!
containing a single vacancy at a lattice site ~Fig. 2!. Both the
tip and the substrate are immersed in liquid water of the
constant number density r and temperature T.
The orientation of the multiatom tip is fixed such that the
plane of the tip is always parallel to the substrate and the
in-plane orientation of the tip coincides with that of the sub-
strate. The origin of the Cartesian coordinate is placed at the
lattice site of the atomic hole, the z axis is set perpendicular
to the substrate, and the x axis parallel to one of the unit
vectors of the hexagonal lattice of the substrate. The position
of the tip is specified by its center-of-mass coordinate.
Two types of ideal scanning modes are considered: the
constant-height mode in which Rz is kept constant and the
constant-load mode in which Fz
ext is kept constant; in either
mode Rx and Ry are controlled precisely during the scan.
The tip-substrate direct interaction is given by a pairwise
sum U(R)5( i51
Nt ( j51
Ns fLJ(ri j), where fLJ is the Lennard-
Jones ~LJ! potential: fLJ(r)54es@(ss /r)122(ss /r)6# and
ri j denotes the distance between ith atom of the tip and j th
atom of the substrate; es and ss are the LJ energy and size
parameters. We use the parameters for a ten-site model of
naphthalene:16 es /k567.1 K and ss53.395 Å , where k de-
notes the Boltzmann constant. The molecular potential of
water is described by a slightly modified TIPS site-site inter-
action potential.17 The water-tip and water-substrate intermo-
lecular interactions are described by LJ potentials with the
parameters determined by combining rules, ews5Aewes and
sws5(sw1ss)/2, where ew and sw are the LJ energy and
size parameters of the oxygen-oxygen interaction in the TIPS
model. The lattice constant la of the monolayer substrate is
set to be 21/6ss;3.81 Å. Temperature is set at 298.15 K and
the number density of water r at 1 g/cm3.
FIG. 1. Schematic C-Rz diagram for three different loads: curve
1 ~low load!, curve 2 ~medium load!, and curve 3 ~high load!. Curve
1 shows that at a low load the second minimum can be the global
minimum whereas the first minimum is a local minimum corre-
sponding to a metastable state. As the load increases, the first mini-
mum turns to be the global minimum ~curve 2! and eventually will
be the only minimum ~curve 3! at a sufficiently high load.
FIG. 2. Schematic diagram of the hexagonal-close-packed sub-
strate ~white-colored atoms! and the hexagonal disklike tip ~seven
grey-colored atoms with thick bonds!. The origin of the coordinates
is set at the lattice site of the vacancy. The z axis is perpendicular to
the substrate.
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B. Quasistatic scanning process
In a typical AFM experiment, the time scale for the tip to
scan over one nanometer is of the order of one millisecond,
much longer than the time scale required for the attainment
of thermodynamic equilibrium of a liquid. Thus, it is reason-
able to assume that the scanning process is quasistatic, that
is, a succession of equilibrium states each of which is com-
pletely described by a set of parameters suitable for a given
experimental condition. In our calculation each state is speci-
fied by r , T, R under the constant-height mode and by r , T,
Rx , Ry , and Fz
ext under the constant-load mode. During the
scanning process, the density and temperature of the liquid
are kept constant. Since the system is taken to be infinitely
large in the calculation described below, other thermody-
namic properties such as the chemical potential and the pres-
sure of the liquid would also be constant during the scanning
process.
C. Calculation of solvent-induced interaction
The solvent-induced interaction dA(R) is calculated from
the supermolecule approach10,11 based on the RISM integral
equation theory.12 In this approach a pair of solute molecules
is considered as a supermolecule with a fixed relative con-
figuration R dissolved in the solvent. ~In the present case the
tip and the substrate are two solute molecules in the liquid.!
First, one calculates the solvation free energy18 of the super-
molecule as a function of R, which is defined as
DA*~R!52kT ln ZN
S ~R!/ZN
0
, ~4!
where ZN
s (R)5*drNexp@2V(rN;R)/kT# is the configuration
integral of the system of N solvent molecules and the super-
molecule placed at a fixed position in a space whereas ZN
0
5*drNexp@2V0(rN)/kT# is the configuration integral of the
system without the supermolecule. Next, one calculates the
potential dA(R) due to the solvent-mediated interaction,
which is the solvation free energy DA*(R) relative to an
arbitrary standard. Taking the standard to be DA‘* , the sol-
vation free energy at Rz5‘ , dA(R) is written as
dA~R!5DA*~R!2DA‘* . ~5!
In the framework of the extended RISM theory,19 the solva-
tion free energy of a solute molecule at infinite dilution is
given by20,21
DA*5rkT(
i j
E dr$ 12 @hi j~r !#22ci j~r !2 12 hi j~r !ci j~r !%,
~6!
where hi j and ci j denote, respectively, the correlation func-
tion and the direct correlation function between site i of a
solvent molecule and site j of a solute molecule. The corre-
lation functions are obtained by solving the RISM integral
equation numerically. No further approximation to the origi-
nal RISM theory is involved in the supermolecule approach.
Previous studies using the supermolecule approach have
shown semiquantitative agreements with computer simula-
tion and experiments for nonpolar,21 polar,11 and ionic10 sol-
utes in solvents.
Implementation of the supermolecule approach to dA(R)
for the AFM tip-substrate system is summarized as follows.
~i! Two-dimensional periodicity in the x and y directions
is introduced to the supermolecule consisting of the mono-
layer substrate and the AFM tip. Specifically, the periodic
unit consists of the tip (Nt57) and a rectangular section of
the substrate (Ns511312215131) with side length Lx
511la and Ly56A3la . The periodic boundary condition is
essential in order to avoid any edge effect of the substrate on
the solvent-mediated interaction.
~ii! Long-ranged intramolecular correlations in the super-
molecule are truncated smoothly. Specifically, wˆ the in-
tramolecular site-site correlation matrix in the reciprocal
space22 is modified by multiplying each matrix element wˆ i j
by a switching function f (ri j) defined as 1 if ri j,rt ,
1
2 $cos@p(rij2rt)/(rc2rt)#11% if rt,ri j,rc , and 0 if rc,ri j ,
where rt54.5la , rc55.5la , and ri j is the distance between
atoms i and j in the periodic system ~where the minimum
image convention is applied!. This procedure ensures that the
partial sum of infinite elements wˆ i j converges. Note that no
correlation between the tip and any image tip in the sur-
rounding unit cells is included because the shortest site-site
distance between the tips is larger than rc .
~iii! The correlation functions hi j and ci j between the in-
teraction sites of the water molecule and those in the unit cell
of the supermolecule are numerically calculated by the stan-
dard iteration scheme. The solvation free energy A* of the
supermolecule with a fixed tip-substrate relative configura-
tion R is then obtained from Eq. ~5!. Note that the correlation
functions associated with the interaction sites of the substrate
beyond the unit cell of the supermolecule are excluded in the
calculation of DA*. This is justified by the fact that the unit
cell is chosen sufficiently large so that the excluded correla-
tion functions have no significant contribution to the solvent-
induced interaction dA .
~iv! The solvent-induced interaction dA is calculated at
3339310 grid points covering a rectangular region: 0
<Rx<4.125la , 0<Ry<A3la , and 0.7sws<Rz<2sws .
Values of dA at finer grid points are then evaluated using an
interpolation method.
III. RESULTS AND DISCUSSION
A. Constant-height mode
Figure 3 shows the numerical results of W and U for a
scan over the defect along the path Ry50 under the
constant-height mode. Three different values of height (Rz)
are examined. The structure of the surface manifests itself in
U only when Rz is close to or smaller than sws ~the thin
curve marked 1!; however, the surface structure does mani-
fest itself in W even when Rz is larger than sws , at which the
tip never touches the surface ~the thick curves marked 2 and
3!.
The potential-energy surfaces at the constant-height
mode, defined by W(Rx ,Ry ;Rz) with Rz being kept con-
stant, are plotted in Fig. 4 for the three different values of
Rz . When the tip-surface distance Rz is close to the repulsive
diameter sws (Rz53.02 Å!, one can clearly see in W the
periodic lattice structure of the substrate. However, it is dif-
ficult to see the location of the point defect since a pro-
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nounced peak similar to other peaks is found at the place of
the atomic hole. This is because at the short distance the
direct tip-surface potential U is dominant in W, compared to
dA . The corresponding potential-energy surface in vacuum
defined by U instead of W is more or less the same at this
height due to the same reason.
As the AFM tip is moved away from the surface, the
strong direct interaction diminishes considerably, and dA ,
the solvent-mediated interaction, becomes the main contribu-
tion to W because dA is a long-ranged interaction due to the
packing effect of solvent molecules near the surface. Shown
in Figs. 4~b! and 4~c! are examples of the potential-energy
surface in which dA is dominant. When Rz53.92 Å @Fig.
4~b!#, one can observe clearly a large minimum in W at the
location of the point defect. Overall, the W surface is smooth
except near the defect where it shows a minimum. However,
the lattice structure is unclear at this height. At a larger
height Rz54.36 Å @Fig. 4~c!#, W becomes rugged again re-
flecting the structure of the substrate. Moreover, the lowest
potential well is located at the position of the point defect.
B. Constant-load mode
In the constant-load mode, Eq. ~3! gives values of height
(Rz) at which the average force Fz balances with the external
force Fz
ext
. In general, several values of Rz are found to
satisfy Eq. ~3! at fixed Rx and Ry , due to the layering struc-
ture of the liquid ~see Fig. 1!. These values can be classified
as follows: the stable height at which C is the global mini-
mum, the metastable heights at which d2C.0 but C is not
the global minimum, and the unstable heights at which
d2C,0, where the variations are taken under the same con-
dition as Eq. ~3!. The stable trajectory is then defined as a
series of the stable heights for a given scanning path @Ry
5 f (Rx)# .
Figure 5 shows the numerical results of the trajectories
@sets of heights that satisfy Eq. ~3!# along the path Ry50 for
three different values of load Fz
ext : 20.2 nN, 20.4 nN, and
20.6 nN. ~These loads are comparable to typical load per
atom in laboratory AFM experiments.! One finds three con-
tinuous series of heights, marked 1, 2, and 3, in Figs. 5~a!
and 5~b! and one continuous series of heights in Figs. 5~c!.
Series 1 corresponds to a trajectory of the tip being always in
contact with the substrate (Rz;3 Å! whereas series 3 corre-
sponds to a trajectory of the tip being separated from the
substrate by one hydration layer (Rz;5 Å!. Series 2 is a set
of the unstable heights that separates the stable and meta-
stable heights. One may consider Fig. 5 as a map of the
potential surface C(Rx ,Rz) at fixed Ry ; then series 1 and
series 3 are valleys of the potential surface whereas series 2
is a ridge of the potential barrier.
The stable trajectory ~denoted by dots! belongs to either
series 1 or series 3 depending on Rx and Fz
ext
. For Fz
ext5
20.2 nN @Fig. 5~a!#, series 3 is the most stable trajectory
when n20.3,Rx /la,n10.3 with n an arbitrary integer;
otherwise series 1 is the most stable. Consequently, the
stable trajectory of the AFM tip is discontinuous as previ-
ously found for a single-atom tip scanning over a substrate
containing no defect.5 For Fz
ext520.4 nN @Fig. 5~b!#, series
1 is the most stable when n20.1,Rx,n10.1 except
n50, otherwise series 3 is the most stable. Thus, the stable
FIG. 3. Variations of W ~a! and U ~b! in units of kT in the
constant-height scanning mode. The abscissa is the x coordinate of
the tip Rx in units of la ; the y coordinate Ry is kept constant at 0
Å. The curves marked 1, 2, and 3 correspond to the three tip
heights Rz53.02 Å, 3.92 Å, and 4.36 Å, respectively. Note that the
single-point defect ~a vacancy! is located at the origin of the coor-
dinates.
FIG. 4. Potential- ~of mean force! energy surface W/kT for the
three constant heights: Rz53.02 Å ~a!, 3.92 Å ~b!, and 4.36 Å ~c!.
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trajectory has a discontinuous feature except around Rx /la
50. The missing of the discontinuous jump from series 3 to
series 1 around Rx /la50 reflects the existence of the single-
point defect ~an atomic hole! in the substrate. Finally, for
Fz
ext520.6 nN @Fig. 5~c!#, which is the highest load among
the three, one finds that series 1 is the most stable in the
entire range of Rx ; the stable trajectory is therefore continu-
ous as in vacuum environment.
Whether the tip follows the stable trajectory or jumps be-
tween the stable and the metastable states depends on the
potential-energy barrier height between two states. The
potential-energy barrier height is defined as the difference in
C between the most stable height and the unstable height at
given Rx and Ry . We find that the potential barrier height
ranges from 5kT to 20kT at Fzext520.2 nN @Fig. 5~a!# and
from 3kT to 25kT at Fzext520.4 nN @Fig. 5~b!#. These val-
ues are comparable to the thermal energy. Thus, it is unlikely
that the AFM tip follows only the most stable heights upon
scanning the substrate in the liquid environment; rather, the
tip may jump between stable and metastable heights. Similar
conclusions have also been made from a laboratory
experiment.7 Our calculation indicates that the trajectory of
the AFM tip in liquid cannot be pinned down uniquely; how-
ever, it can be defined as a series of the most probable
heights.
It is interesting to see the most probable height Rz of the
AFM tip as a function of Rx and Ry . Plotted in Fig. 6 are the
numerical results of Rz under the same three constant loads
as shown in Fig. 5. Under the condition Fzext520.2 nN, Rz is
periodic and discontinuous over the substrate including the
position of the single-point defect. The existence of the de-
fect is hardly seen from this result. However, for Fz
ext5
20.4 nN, Rz is continuous in a region around the defect;
otherwise it exhibits periodic and discontinuous feature. Un-
der a higher load, Fz
ext520.6 nN, the discontinuous feature
disappears in Rz , indicating that the tip is always in contact
with the substrate. In this case one can hardly discern the
single-point defect because the tip is not ‘‘sharp’’ compared
to the single-atom one.
IV. CONCLUDING REMARKS
In this study, effects of the liquid on the total potential of
a multiatom AFM tip as well as on the tip’s trajectory when
scanning over a substrate containing a single-point defect are
FIG. 5. Heights Rz of the tip @which satisfy Eq. ~3!# in the
constant-load scanning processes along the path Ry50: Fz
ext5
20.2 nN ~a!, 20.4 nN ~b!, and 20.6 nN ~c!. Rz is in units of Å .
Curves marked 1 and 3 correspond to stable or metastable height
whereas curves marked 2 correspond to unstable height. The most
stable heights for each load are denoted by black dots.
FIG. 6. The most probable height Rz as a function of the lateral
position (Rx ,Ry) of the tip under the constant load conditions:
Fz
ext520.2 nN ~a!, 20.4 nN ~b!, and 20.6 nN ~c!. Rz is in units of
Å.
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examined within the framework of the RISM integral equa-
tion theory. At the constant-height mode the potential of
mean force reflects the existence of the defect when the tip
and the substrate are close to but not in contact with each
other. In this case the friction force in the vicinity of the
vacancy will become larger in liquid than in vacuum; the
average friction force in the vicinity of the vacancy ~esti-
mated from the work required for bringing the tip from
Rx /la50 to 1 at Rz53.92 Å in Fig. 3! is approximately
400310212 N in the liquid while it is 1310212 N in
vacuum.
At the constant-load mode, the stable trajectory of the tip
defined as a series of the most probable heights is either
discontinuous or continuous depending on the magnitude of
the load. In particular, it is found that under a certain load
~around 60 pN per atom of the tip in this model! the trajec-
tory shows no discontinuity in the vicinity of the vacancy but
periodic discontinuity elsewhere.
Finally, we would like to point out that compared to typi-
cal tip size of laboratory AFM (;50 nm in diameter! the
model tip considered in this study is too small (;1 nm in
diameter!. It has been proposed that future generation AFM
tip, e.g., using carbon nanotube,23 will reach nanometer size
in diameter. By then a direct comparison with AFM experi-
ments in liquid environment will be feasible.
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